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Summary
Mitochondria display a variety of shapes, ranging from
small and spherical or the classical tubular shape to
extended networks [1, 2]. Shape transitions occur fre-
quently and include fusion, fission, and branching [3].
It was reported that some mitochondrial shape transi-
tions are developmentally regulated [4, 5], whereas
others were linked to disease [6–9] or apoptosis [10,
11]. However, if and how mitochondrial function con-
trols mitochondrial shape through regulation of mito-
chondrial fission and fusion is unclear. Here, we show
that inhibitors of electron transport, ATP synthase, or
the permeability transition pore (mtPTP) induced re-
versible mitochondrial fission. Mitochondrial fission
depended on dynamin-related protein 1 (DRP1) and
F-actin: Disruption of F-actin attenuated fission and
recruitment of DRP1 to mitochondria. In contrast, un-
coupling of electron transport and oxidative phos-
phorylation caused mitochondria to adopt a distinct
disk shape. This shape change was independent of
the cytoskeleton and DRP1 and was most likely
caused by swelling. Thus, disruption of mitochondrial
function rapidly and reversibly altered mitochondrial
shape either by activation of DRP1-dependent fission
or by swelling, indicating a close relationship be-
tween mitochondrial fission, shape, and function.
Furthermore, our results suggest that the actin cy-
toskeleton is involved in mitochondrial fission by fa-
cilitating mitochondrial recruitment of DRP1.
Results and Discussion
Inhibition of Mitochondrial Function Reversibly
Alters Mitochondrial Shape
In CV1-4A cells, most mitochondria had an elongated,
tubular shape. Often, mitochondria were organized in
networks, particularly in the perinuclear region (Figure
1A). Inhibition of electron transport, ATP synthase, or
mtPTP caused mitochondrial network disassembly,*Correspondence: k.devos@sheffield.ac.uk (K.J.D.V.); ms2001@
columbia.edu (M.P.S.)and most mitochondria became smaller and round (Fig-
ure 1A). In contrast, after uncoupling of electron trans-
port and oxidative phosphorylation, mitochondria ap-
peared swollen and had adopted a disk-like shape with
a central region of reduced fluorescence (Figure 1A). In
all cases, mitochondria remained distributed through-
out the cytoplasm.
The mitochondrial ultrastructure was evaluated by
transmission electron microscopy (TEM; see Figure S1
in the Supplemental Data available with this article on-
line). Control mitochondria were elongated and exhib-
ited well-defined cristae. After inhibition of ATP syn-
thase or mtPTP, mitochondria were smaller and mainly
round in shape, but their internal structure was mostly
unaffected. In contrast, uncoupled mitochondria were
rounded and appeared swollen. Most uncoupled mito-
chondria lacked internal structure, and some contained
vacuole-like structures. Clearly, uncoupled mitochondria
were not ring-shaped with a “central hole,” excluding
end-to-end or end-to-side fusion of tubular mitochondria.
The elongation of mitochondria can be described
quantitatively by their aspect ratio (ARmit; see Supple-
mental Experimental Procedures). ARmit of elongated,
untreated mitochondria was 2.22. All inhibitors caused
a significant reduction in ARmit, indicative of the transi-
tion from elongated to round morphology (Figure 1B;
Table S1).
It was reported that during apoptosis accompanied
by mitochondrial dysfunction, mitochondria fragment
to form small, rounded mitochondria similar to those
we observed [10, 11]. Furthermore, disk-shaped mito-
chondria were observed in neurodegenerative diseases
that involve abnormal mitochondrial function and apo-
ptosis [12, 13] and in heat-shocked cells [14]. The in-
ducing drugs were removed, and mitochondrial shape
was quantified after 1 or 2 hr of recovery by measure-
ment of ARmit to assess whether the inhibitor-induced
mitochondrial shape changes were caused by irrevers-
ible damage to mitochondria associated with apopto-
sis. One hour after removal of inhibitors of electron
transport, ATP synthase or mtPTP ARmit increased to
control levels, showing that the elongated shape of
mitochondria was restored. Similarly, the uncoupling-
induced ARmit decrease was reversed after 2 hr of re-
covery (Figure 1B). In all cases, the cells proliferated
normally after recovery (data not shown). These results
indicated that both shape changes were not damage
responses related to apoptosis but were likely to be
physiologically induced in response to changes in mi-
tochondrial activity. We also observed these shape
changes in untreated cells, albeit at lower frequency
(data not shown), in agreement with the above findings.
Similarly, in rho0 cells, dysfunctional mitochondrial-
DNA-depleted mitochondria are small and rounded
[15]. Moreover, inhibition of mtPTP was shown to pro-
tect from apoptosis [16].
Time-Lapse Analysis of Mitochondrial Morphology
Individual CV1-4A cells were recorded by time-lapse
microscopy for 5 min before and 30–45 min after addi-
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679Figure 1. Inhibition of Mitochondrial Function Reversibly Alters
Mitochondrial Shape
(A) Mitochondrial function was disrupted by inhibition of electron
transport at Complex I (rotenone [b]) or Complex III (antimycin [c]
or myxothiazole [d]), by blocking ATP synthase (oligomycin [e]), or
by inhibition of mtPTP (cyclosporine A [CsA] [f]). Electron transport
and oxidative phosphorylation were uncoupled with carbonylcya-
nide m-chlorophenylhydrazone (CCCP; [g]) or 2,4 p-dinitrophenol
(DNP; [h]). After 45 min, untreated (a) and inhibitor-treated (b–h)
cells were fixed, and mitochondria were visualized by microscopy
of mitochondria-targeted red fluorescent protein (DsRed1-mito)
stably expressed in CV1 cells (CV1-4A cells). The scale bar repre-
sents 20 m. Similar results obtained in mouse embryonic fibro-tion of mitochondrial inhibitors to directly observe and
quantify the phenomena underlying the mitochondrial
shape changes.
Inhibition of electron transport, ATP synthase, or
mtPTP changed the initial elongated tubular mitochon-
drial shape to a transient “beads-on-a-string” morphol-
ogy that was followed by mitochondrial fission, yielding
small, rounded mitochondria (Figure 2A; Movies S1 and
S2). Quantitatively, inhibition of ATP synthase or mtPTP
decreased ARmit by 20% and the mean mitochondrial
area (areamit) by 30%–40% (Figure 2B). To quantify the
extent of mitochondrial fission, we counted the number
of mitochondria per time point (nmit). In untreated cells,
nmit did not change over time, indicating that mitochon-
drial fusion and fission were balanced. Consistent with
mitochondrial fission, inhibition of ATP synthase or
mtPTP significantly increased nmit by 15% and 40%,
respectively (Figure 2B). Similar results were obtained
with inhibitors of electron transport, but the response
was usually slower (data not shown). Clearly, inhibition
of mtPTP was the most potent inducer of mitochon-
drial fission.
Examination of the events underlying uncoupling-
induced formation of disk-shaped mitochondria re-
vealed a remarkable, fast shape transition. Initially, a
local swelling occurred along the length or at one end
of the mitochondria. In the first case, the swelling prop-
agated along the mitochondrion, whereas in the latter
case, the initial swelling at the tip was retained, and the
remainder of the mitochondrion was drawn in (Figure
2C; Movies S3 and S4). Quantitative analysis of ARmit
showed that a full response to uncoupling was ob-
tained within 10 min and was already at the half-way
point at the initial measurement 2.5 min after uncou-
pling (Figure 2D). In fact, when focus was maintained
during inhibitor addition, we found that the response
was instantaneous for most mitochondria (data not
shown; Movie S3). Uncoupling did not affect areamit,
indicating that mitochondria only changed shape. nmit
decreased by 40%, suggesting some mitochondrial fu-
sion (Figure 2D). However, because mitochondria re-
tracted somewhat from the cell periphery, it is possible
that we underestimated nmit due to incomplete seg-
mentation. Disk-shaped, swollen mitochondria were
also observed under cellular stress conditions, such as
heat shock [14], or during disease [12, 13], indicating
that uncoupling might cause the mitochondrial
changes in these cases. Apparently in contrast to our
results, it was shown that uncoupling can induce mito-
chondrial fission [17, 18]. In those studies, however,blasts with MitoTracker to visualize mitochondria indicated that the
mitochondrial shape changes were not unique for CV1-4A or
DsRed1-mito (Figure S2). Neither endoplasmatic reticulum nor
Golgi apparatus were affected by mitochondrial inhibitors, exclud-
ing global (and nonspecific) drug-induced changes (Figure S3).
(B) CV1-4A cells remained untreated (CTRL) or were incubated with
mitochondrial inhibitors. After 1 hr, the cells were fixed and ana-
lyzed (open bars), or, alternatively, the drugs were removed, and
the cells were allowed to recover for 1 (oligomycin, CsA) or 2 hr
(CCCP) before analysis (filled bars). Mitochondrial shape was quan-
tified by determination of ARmit and is presented as the change in
ARmit in relation to CTRL. Clearly, all inhibitors induced an ARmit
reduction (open bars; p < 0.01, t test) that was reversed after recov-
ery (filled bars; t test: as indicated).
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(A and B) Inhibition of electron transport, ATP synthase, or mtPTP causes mitochondrial fission. (A) CV1-4A cells treated with antimycin were
observed by time-lapse microscopy at 3 s intervals. Key frames recorded at the indicated time after antimycin addition are shown (individual
mitochondria were pseudocolored to aid identification in subsequent frames). After exposure to antimycin, mitochondria adopted a “beads-
on-a-string” morphology (yellow, 300 s; green, 840 and 850 s; and red, 1370 s) that was followed by fission (yellow, 840 s; green, 1310 s; red,
1440 s; and magenta, 1310s). The scale bar represents 1 m. (B) The change in ARmit (a and d), areamit (b and e), and nmit (c and f) was
quantified for each time point in untreated CV1-4A cells (open symbols) and CV1-4A cells treated after 5 min of recording with oligomycin
(a–c) or CsA (d–f) (closed symbols). The values shown are the mean and standard error of the mean (SEM) of at least 5 cells. p < 0.001 for all
measured parameters and treatments (Friedman repeated measures analysis of variance [ANOVA] on ranks).
(C and D) Uncoupled mitochondria adopt a disk-like shape. (C) CV1-4A cells were treated with CCCP and observed by time-lapse microscopy.
Key frames, recorded at the indicated time after CCCP addition, featuring representative, pseudocolored mitochondria are shown. After
exposure to CCCP, mitochondria adopted a disk-like, circular morphology with a central region of reduced fluorescence. The arrowheads
indicate the initial swelling for two mitochondria (red, yellow). The scale bar represents 5 m. (D) The change in ARmit (a), areamit (b), and nmit
(c) was quantified in untreated CV1-4A cells (open symbols) and CV1-4A cells treated after 5 min of recording with CCCP (closed symbols).
The results shown are the mean and SEM of at least 5 cells. p < 0.001 for ARmit and nmit; areamit did not significantly change (p = 0.822)
(Friedman repeated measures ANOVA on ranks).mitochondrial shape was observed at much later time c
ppoints after uncoupling (e.g., 3 hr in the report by Ishi-
hara et al. [18]). We recorded mitochondrial shape tran- s
csition simultaneously with addition of uncoupling agent
or within 1 hr after addition. We believe, therefore, that o
tour observations describe the initial response of mito-
chondria to uncoupling. We do not rule out that these c
vinitial changes are followed by fission. In fact, we ob-
served that removal of uncoupling agents led to mito- s
ichondrial fission before normal morphology was re-
stored (data not shown). D
K
oMitochondrial Inhibitor-Induced Fission
cRequires DRP1
Under physiological conditions, mitochondrial size and
number are controlled by balancing mitochondrial fis- M
Rsion and fusion. Recent work identified several compo-
nents of the mitochondrial fission/fusion machinery D
I[19–25]. DRP1 was reported as a mitochondrial fission
factor, and it was shown that the dominant-negative d
iDRP1 mutant DRP1/K38A impedes fission and causes
assembly of elongated mitochondria in networks [21, c
a26]. To evaluate whether the mitochondrial fission ma-hinery mediated inhibitor-induced fission, we ex-
ressed DRP1/K38A in CV1-4A cells. DRP1/K38A per
e did not affect ARmit. Treatment of nonexpressing
ells with inhibitors of electron transport, ATP synthase,
r mtPTP decreased ARmit by 25%, but ARmit in inhibi-
or-treated DRP1/K38A-expressing cells remained at
ontrol levels (Figure 3). Thus, DRP1 inhibition pre-
ented inhibitor-induced mitochondrial fission. This re-
ult strongly suggested that mitochondrial inhibitor-
nduced fission was mediated by the physiological,
RP1-dependent mitochondrial fission pathway. DRP1/
38A did not impede the uncoupling-induced formation
f disk-shaped mitochondria, indicating that the mito-
hondrial fission machinery was not involved (Figure 3).
itochondrial Inhibitor-Induced Fission and
ecruitment of DRP1 to Mitochondria
epend on F-actin
nteractions between the cytoskeleton and mitochon-
ria were shown before (reviewed in [27]). Furthermore,
t was reported that the cytoplasmic dynein/dynactin
omplex that mediates minus-end-directed transport
long microtubules participates in mitochondrial fission
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681Figure 3. Mitochondrial Inhibitor-Induced Fission Requires DRP1
CV1-4A cultures were transiently transfected with DRP1/K38A.
Twenty-four hours after transfection, the cells remained untreated
(CTRL) or were treated as indicated for 1 hr and fixed. DRP1/K38A
expression was detected by immunostaining of its HA tag (outlined
in [B]), whereas mitochondrial shape was evaluated from DsRed1-
mito fluorescence.
(A) ARmit was quantified in nonexpressing (open bars) and DRP1/
K38A-expressing cells (closed bars) and is presented as the
change in ARmit in relation to CTRL. All inhibitors caused a signifi-
cant reduction of ARmit in nonexpressing cells (p < 0.01, t test).
Expression of DRP1/K38A prevented oligomycin or CsA-inducedby controlling mitochondrial recruitment of DRP1 [28].
To evaluate the role of the cytoskeleton in mitochon-
drial inhibitor-induced fission, we treated CV1-4A cells
with mitochondrial inhibitors under conditions that dis-
rupted the cytoskeleton, and we quantified ARmit.
Disruption of F-actin with cytochalasin D or latrun-
culin A caused a drastic change in cell morphology
(Figure 4A). CV1-4A cells transitioned from spread to
“star shaped”; however, microtubules and intermediate
filaments were retained (data not shown). To avoid
quantification errors caused by this change in cell mor-
phology, we limited our measurements to the star-
shaped cells’ arms, where individual mitochondria
could be observed. Disruption of F-actin did not affect
ARmit, indicating that mitochondria remained elongated
and that F-actin was not required for maintenance of
mitochondrial shape. Under conditions that disrupted
F-actin, the ARmit decrease caused by inhibition of ATP
synthase or mtPTP was significantly reduced (Figure
4A). In contrast, the uncoupling-induced decrease of
ARmit was not influenced by F-actin disruption. Hence,
disruption of F-actin attenuated inhibitor-induced mito-
chondrial fission, implicating F-actin in DRP1-depen-
dent mitochondrial fission.
Analysis of ARmit under conditions that disrupted
microtubules or intermediate filaments showed that
neither was required for inhibitor-induced mitochon-
drial fission or formation of disk-shaped mitochondria
(Figure S5). Our observation that microtubules are not
required for mitochondrial fission seems to contradict
the role of cytoplasmic dynein in mitochondrial recruit-
ment of DRP1. Possibly, in absence of microtubules,
fission is mediated by DRP1 that is already present on
mitochondria before microtubule depolymerization.
To substantiate the role of F-actin in DRP1-depen-
dent mitochondrial fission, we analyzed the amount of
DRP1 bound to mitochondria by colocalization (Figure
4B) and Western-blot analysis (Figure 4C). In CV1-4A
cells, DRP1 was found as punctuate staining that partly
colocalized with mitochondria (31.54 ± 2.07%). As ex-
pected, induction of mitochondrial fission increased
DRP1 colocalization with mitochondria. Disruption of
F-actin as such did not change the pattern of DRP1
staining or the amount of colocalization, but when mito-
chondrial fission was induced, DRP1 colocalization
was no longer significantly increased. These analyses
suggested that disruption of F-actin prevented recruit-
ment of DRP1 to mitochondria but did not displace
DRP1 that was already mitochondria bound.
Similar results were obtained by Western-blot analy-
sis of total cell lysates and mitochondrial fractions (Fig-
ure 4C). Inhibition of mitochondrial function or disrup-
tion of F-actin did not change the amount of DRP1mitochondrial fission (p < 0.01, t test) but not CCCP-induced for-
mation of disk-like mitochondria.
(B) Representative fluorescence images show the morphology of
mitochondria in nonexpressing and DRP1/K38A-expressing (indi-
cated by prime—outlined) cells that were untreated (a and a#) or
incubated with oligomycin (b and b#), CsA (c and c#), or CCCP (d
and d#). The nonexpressing and DRP1/K38A-expressing cells
shown for each treatment were taken from the same microscopic
field. The scale bar represents 20 m.
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682Figure 4. Mitochondrial Inhibitor-Induced
Fission and Mitochondrial Recruitment of
DRP1 Depend on F-actin
(A) Disruption of F-actin attenuates mito-
chondrial fission. (a) CV1-4A were mock
treated or treated with cytochalasin D or la-
trunculin A to disrupt F-actin. After 30 min of
preincubation, the cells were coincubated
for a further 45 min with mitochondrial inhibi-
tors and mock cytochalasin D or latrunculin
A, after which the cells were fixed, and mi-
tochondrial shape was evaluated from
DsRed1-mito fluorescence. All mitochondrial
inhibitors caused significant reduction of ARmit
in mock cotreated cells (open bars; p < 0.01,
t test). Disruption of F-actin with cytocha-
lasin D (closed bars) or latrunculin A (gray
closed bars) significantly attenuated oligo-
mycin and CsA-induced mitochondrial fis-
sion (p < 0.01, t test) but not CCCP-induced
formation of disk-like mitochondria. (b–f)
Phalloidin staining of F-actin in CV1-4A cells
reveals stress fibers (b) that were completely
disrupted by 30 min treatment with cytocha-
lasin D (b#). Representative fluorescence
images show the morphology of mito-
chondria in cytochalasin-D-pretreated cells
that were incubated with cytochalasin D only
(c) or coincubated with cytochalasin D and
oligomycin (d), CsA (e), or CCCP (f). The
scale bar represents 20 m.
(B) Mitochondrial recruitment of DRP1 in-
volves F-actin. (a) CV1-4A cells were mock
treated or treated with cytochalasin D to dis-
rupt F-actin. After 30 min of preincubation, the cells were coincubated for a further 45 min with mitochondrial inhibitors and mock or
cytochalasin D, fixed, and immunostained for endogenous DRP1. Colocalization of DRP1 with mitochondria was quantified and plotted as
the change in colocalization and SEM in relation to CTRL. Both oligomycin and CsA induced significant recruitment of DRP1 to mitochondria
(open bars; *p < 0.01, **p < 0.05, t test); this DRP1 recruitment was impeded by disruption of F-actin with cytochalasin D (closed bars). (b–d)
Representative fluorescence images show mitochondria (red) and DRP1 (green) in mock pretreated and cytochalasin-D-pretreated (indicated
by prime) cells that were untreated (b and b#) or incubated with oligomycin (c and c#) or CsA (d and d#). Colocalization of DRP1 and
mitochondria is visible (yellow). The scale bar represents 20 m, and insets are zoomed 1.5 times.
(C) Total cell lysates and mitochondrial fractions were prepared from CV1 cells that were treated as indicated for 45 min after 30 min of mock
or cytochalasin D pretreatment and probed for DRP1. Equal protein amounts (25 g) were loaded.Sfound in total cell lysates, showing that neither affected
Dthe cellular expression of DRP1. Disruption of F-actin
sas such did not affect the amount of DRP1 detected in
h
the mitochondrial fraction. We detected an increase in
DRP1 in mitochondrial fractions in the presence of
mitochondrial inhibitors, consistent with the induction
Aof mitochondrial fission. This increase was abolished
by disruption of F-actin. Taken together, these analyses W
showed that F-actin is involved in mitochondrial recruit- D
ment of DRP1 during inhibitor-induced mitochondrial D
ifission.
p
GConclusion
e
In summary, we have described two major mitochon-
drial shape transitions in response to mitochondrial
function changes that are reversible and appear to re- R
Rflect normal physiological processes that govern mito-
Achondrial shape. More study is needed to define the
Pexact molecular signaling mechanisms involved, partic-
ularly related to the factors that control final mitochon-
Rdrial size and the reversibility of these transitions. There
is, however, a remarkable interaction, sensitive to
changes in mitochondrial function and involving actin,
between DRP1 and the surface of the mitochondria.upplemental Data
etailed Experimental Procedures, five supplemental figures, a
upplemental table, and four supplemental movies are available at
ttp://www.current-biology.com/cgi/content/full/15/7/678/DC1/.
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